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is indicated by model experiments. The results 
proved very satisfactory in view of the results 
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values which were anticipated theoretically. 
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Notations 

F e entrance cross section 

Frj minimum section of diffuser (narrowest cross 

section behind the combustion chamber) 


* :, Der Druckruckgewi.nn bei Geschossen mit 
Rucks tossantri. eb bei hohen Ubcrschal Igeschwindigkeiten 
(Der Wirkungs grad von Stos sdif fusoren) Forschungen und 
Entwicklungen des Heereswaf f enamtes , Bericht Nr. 1005, 
Gottingen, January 1944. 
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F 0 cross section of stream tube that goes into 

inlet in zone of undisturbed flow 

F*' "critical" cross section behind a normal shock 

h throat opening (See fig. 6.) 

Ma 0 Mach number ahead of free stream (w 0 /c 0 ) 

p g £ static pressure 

Pp pitot pressure 

p 0 ° total pressure or pressure of tank for undisturbed 

flow equivalent to pressure of zero velocity 
for isentropic transformation 

V angle of shock with direction of flow 

P*, W* are density and velocity in throat (= "critical" 
density and "critical" velocity for corre- 
sponding values in combustion chamber) 

W velocity 

c velocity of sound 

P density 

T absolute temperature 

K ratio of specific heats 

G amount of through flow 

^Ab amount due to suction 

x i = 1 + — - g 1 Ma x 2 

7 ± - 1 + — g 1 Ma 1 2 sin 2 T 1 

The values with no index are always for the com- 
bustion chamber. The subscript o indicates the 
initial region of flow; subscripts 1 and 2 etc. 
indicate the values after the first, second, etc. shock. 
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The static pressure in the initial region of flow, "behind 
the first shock, etc., are not designated by Pst 0 > Pstj_> 

but simply by p Q , p x , etc. The upoer index o indicates 

the corresponding "total values" Pg°, P2°» an< ^ hence, 

the total oressure behind the first, second shock. T , 
c o ore the total temperature and the speed of sound lor 
the “ail’ brought to rest. These two values are the same 
everywhere in the region of initial flow, behind the 
first and second shocks and in the combustion chamber. 

The lower index can therefore always be dropped in this 
case . 


I. INTRODUCTION 


If we wish to design missiles with rocket . propulsion, 
it is a question of not carrying the oxygen which is 
necessary for combustion along in the missiles, but ot 
taking it from the air during flight. In this regard v/e 
must strive to get air of maximum possible pres sure for 
use within the missile. As we shall see in the following, 
however, the recovery of pressure with minimum loss for 
bodies flying at high supersonic speeds offers considerable 
difficulties. We received the task of treating this 
oroblem of oressure recovery for missiles with reaction 
propulsion from the OXH Wa P. After great initial dif- 
ficulties the investigations led to success. 


Two short works on various preliminary experiments 
were reported to the writer. In the following, the 
important results of these first reports are briefly 
recalled and then the new, conclusive results are made 

known . 


2. THEORETICAL CONSIDERATIONS 


If we hold a simple static tube (pitot tube) in a 
supersonic flow, it does not show the so-called total 


'ion of flow p ° which we 


pressure of the initial reg.Lvn wi rQ 

<ret by isentropic compression when the air flow is 
reduced to a velocity w = 0; we get a smaller pressure, 


the pitot pressure p p . 


In contrast to subsonic flow 
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where Pp/p Q 0 - 1, this value is always less than one 

at supersonic speeds. The physical basis of this 
phenomenon is due to the fact that a wave is set up 
ahead of the pitot tube, and in this wave the changes 
of condition are no longer isentropic, and considerable 
increases in entropy occur, We can also say that in the 
wave at the pitot tube a drop in the total pressure from 
the valve p 0 c to p p takes place and p p is nothing 

but the total pressure behind the middle normal part of 
the head wave. The value of the pitot pressure can be 
calculated precisely, A normal shock is set in front 
of the pitot tube and behind it the air is compressed 
isentropically. For low supersonic speeds the greatest 
part of the pressure rise takes place behind the shock, 
but for high supersonic speeds it takes place in the 
shock itself. In figure 1 (solid and dotted curves for 
n - 1) we have the ratio of pitot pressure to total 
pressure In the Initial region of flow and the ratio of 
pressure just behind the normal shock to the total pres- 
sure in the initial region of flow for k = l,i(.00. In 
the following, wo shall first be interested in the ratios 
at high supersonic speeds. 

The immediate investigation - to recover the pres- 
sure at the head of a flying missile - is that of 
introducing a reversed Laval nozzle into it and, with 
a steady rise in pressure In it, of translating the 
supersonic flow into a subsonic flow of small velocity. 
This method fails, however, since it happens that 
generally a normal compressibility shock is set up at 
the entrance to the Laval nozzle just as In the case of 
a pitot tube and this lead3 to a relatively sharp Increase 
in entropy and to a loss in pressure recovery similar to 
that for the pitot tube itself. We can now think of 
the channel leading through the missile as expanded, and 
it is clear that the shock will move into the missile if 
the diameter of the Laval nozzle is above a certain 
value and a3 the opening of the Laval nozzle increases, 
the shock finally becomes more conical in form. With 
a sufficiently wide opening, supersonic velocity will 
prevail throughout the channel which leads through the 
missile. The limits for which this occurs may be very 
precisely stated, as has been proved by lrumerous experi^ 
ments . The shock can no longer be maintained ahead of 
the missile if more air is sucked away than enters the 
channel through the shock, that is, if the narrowest 
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part of the Laval nozzle is wider than the smallest 
permissible cross section of a Laval nozzle appropriate 
to the total pressure behind the shock (1). If we cal- 
culate the corresponding narrowest cross section, we 
find that for high Mach numbers too only relatively small 
contractions of the Laval nozzle are permissible if we 
wish to avoid the presence of a normal shock ahead of the 
nose of the missile, (See fig. 2.) 

It has not yet been determined whether this undesired 
flow ohenomenen always occurs with rather sharp contrac- 
tions' of the Laval nozzles or if it depends on the 
earlier history of the flow. It is entirely certain 
that the flow maintains this phenomenon once it has 
started. 

If we are satisfied with the pressure recovery of 
the normal shock, then no convergent-divergent Laval nozzle 
Is to he built in the head of the missile, but rather a 
subsonic diffuser with sharp leading edges, and hence 
a divei’gent channel. 

For all our investigations it i3 not only a matter 
of attaining the maximum possible pressure recovery but 
also, at the same time, of keeping the drag of the 
missile as small as possible. Normal shocks which lie 
ahead of the missile are therefore to be avoided in all 
cases. In every case, therefore, the amount of air which 
flows through will be regulated so that the shock occurs 
In the subsonic diffuser rather than ahead of it. This 
Has only a secondary effect on the recovered pressure, 
but it can lower the drag of Ube missile remarkably. 

(Thi 3 has already been shown by Dr, Ludwieg, AVA, in an 
unpublished work,) 

According to the present state of our 
knowledge and on the basis of our experimental 
methods, we must establish the rule that the 
channel behind the entrance into the missile 
is to be contracted, at most so that it corre- 
sponds to the ratio F*«/F 9 (fig. 2) for the 
Mach number at the missile "entrance . 

Instead of scooping the air directly from the 
undisturbed flow, we' can now permit compression on a 
conical tip of the missile and then have access to the 
interior of the missile by means of a circular slot. 
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That this roust lead to a better pressure recovery is 
readily apparent from the following considerations. 

An isentropic rcmpresslon of air at supersonic speed 
can be thought of as a compression by means of a large 
number of oblique shocks with small increases of pres- 
sure, which slow up the air to low supersonic speeds, 
a normal shock which leads to high subsonic velocities 
and finally isentropic compression in an ideally 
functioning subsonic diffuser. The press ■’ire recovered 
by this arrangement must be equal to the pressure P c °» 

The smaller the number of oblique compression shocks, 
the worse will be the oressure recovery; but it does 
happen that introducing one or two oblique compression 
shocks ahead of the normal shock can achieve very con- 
siderable increases of tie pressure within the missile. 

Let us consider n supersonic flow/ which is trans- 
formed into a subsonic flow by r.i-1 oblique and one 
normal shock, hence, by n shocks in all. Between the 
individual shocks we assume that the condition of the 
air does not change. It neither expands nor contracts. 

We can now ask how the individual shocks must be set up 
in order to obtain a maximum value of pressure recovery. 
It js clear that we shall not arrive at the sume result 
if we take a number of weak oblique shocks and one strong 
normal shock as if we take several strong oblique shocks 
and then a single very weak normal one. In order to 
solve this problem we must now determine what we mean 
by optimum pressure recovery. There are two main 
possibilities. Correspond! ng to them, we shall solve 
two problems In the following: 

(1) How must I set up n-1 oblique and one normal 
corn ressi on shock for 8 given Mach number of the flow 
in order that the total pressure behind the last shock 
is a maximum. 

(2) How must I set up n compression shocks behind 
one another for a given Mach number of the flow In order 
that the pressure behind the last shock is a maximum. 

Vie can tr^at the first task as the problem of the 
ootlmum oressure recovery assuming an ideally functioning 
subsonic diffuser behind the last, compression shock. 

The second task is the problem of the optimum oressure 
recovery if 1 assume a very inefficient subsonic diffuser 
behind the last compression shock. 



NACA TM No. lll+O 


7 


The curves in figure 1 give the results of the solu- 
tions of these two problems for n = 1, 2, 5, and 4 
compression shocks; the solid curves hold for the first 
problem and the dotted curves for the second. As has 
already been mentioned the curves for n = 1 are none 
other than the curves for the pitot pressure (solid) 
and for the pressure behind a normal compression shock 
(dotted) in a supersonic flow. In this case it is no 
longer a question of a maximum problem. 

In the following we shall repeat the calculations 
for determining the curves. However, they have no sig- 
nificance for the comprehension of our later derivations. 

he indicate the values in tne initial region of 
flow by means of the subscript 0, and t*oe values 
behind the first, second, and nth compression shock by 
means of the indices 1, 2 ... n, Pj. is the static 
pressure behind the ith snock although we usually 
indicate the static pressure by p st , we shall simply 

write p Q instead of Pst 0 und p-^ instead of Pgt^* 

etc., in order to avoid the difficulty of writing double 
subscripts; Ma Is the Mach number; p 0 is the total 
pressure and p 0 °, Pl°» P2°* ®tc., are the total 

pressures in the initial region of flow and behind the 
first, second, etc. shock; r is the angle the shock 
makes with the direction of flow before the shock. 

The total-pressure ratio or the throat factor, as 
this ratio is often called, of the (i + l)th shock is 
then given by the following equation:^ 

p °i+l = / k - 1 + 2 1 \ 

Pi 0 \k + 1 k + 1 Ma^ 2 sin^YjJ 


’E=T / 2k 


/ 2 fe — Ma<2 sin 2 Y4 

l k + 1 1 1 



i = 0, 1 


n-1 


( 1 ) 


where k is the ratio of the specific heat. (See (2).) 
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For the sake of simplicity we introduce the following 
o ".rr'X' e 3 3 ** c n 3 as new unknowns instead, of the values ^ 
and ha-^. 


lc -~i Ma i 2 + 1 = x l5 Mad sin 2 Y i + 1 = 7 ± (k) 


and set 


+ 2 

k + 1 i.Iaq a in Yq 


k - i y-i 


= r(yj_ ) - 


k + 1 


p . ? 

ha^ sm^Yi 


k - 1 
k + 1 


k - 1 
k + 1 


i. : -i 

? Yi “ 1 

(k + l) 2 


We can then express equations (2) and (3) very simply 
by the functions i\ and gq » Since the last compression 

shock is to be a normal shock, sin Y n _q = 1 and, hence, 


x n-l y n-l 


Since 

(k - 1) 

In 

Pn‘ 

sane 

thus 

nod rit as 

•U 

°/p, 


(1: - 1) 

in 

P,. 


n-1 P t+ -, 

t In -~‘“ 

T ; t ° 

1^5 ‘ 1 


n-1 

= t (k In fj_ + In gq) 
i=0 
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is to have a maximum under the conditions that 

x n-i = y n -i 

and 

x i+l = x i f iSl 

for 

i = 0, 1 . * . n-2 

lienee, we have 2n-l variables, namely xp, Xp . . . x n _T 
anci 7o* 7l • * * y n -i anci n auxiliary conditions. 

To solve the rroblem we now introduce, using methods 
which are well known, as many nev/ variables i=l , . , n) 

as there are auxiliary conditions and we nos tu late that 
the function 

n- 1 n-2 

/ ( K ln f i + ln G i) + / ^i+1 ( x i+l " x i f iS 1 ) 
i=‘0‘ 1=0 

+ ^ n ( y n-l “ x n-l) 

of the Jn-l variables to x n-1 , y Q to y^, 

^ i shall have a maximum* That is, we must 3et 

the partial derivatives of the function with respect to 
a';], the variables equal to zero. This gives as many 
equations as unknowns , so that we can determine their 
values. The derivatives with respect to x give: 

“ X i +1 f i-?i = 0; 1 = 0, 1 ... n-2 (6) 

rand 


0 


( 7 ) 
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If V: e designate the derivatives of the functions with 
respect to their argument by f j_ 1 and Gi T » tho dif- 
ferentiations with respect to y give: 


k~ 


f : 


"i+l 


x 


i (f i' 


6 J 


-•i 


+ 


Zi? L ) 


= 0 for 1=0 


.n-2 

( 0 ) 


arid 


k 


fn-l* 

f n-l 


+ + \ = 0 
8n-l 


( 9 ) 


Tho derivatives with respect to ^ again give the 
auxiliary conditions 


for 


x i+l " x i f l"i 
i = 0 * . . n-2 


(10) 


and 


n-1 



(11) 


Wo can now easily express all ^ and x by y and x 0 
and with the aid of equations (6) and (7) we get 


N.+l ~ \+2 f i+l g i+l £ '^ gj 


.+3 i+l H+l i+2 i+2 


- V + i ^‘3 -hi * * 0 ' L n-2 ^n-2 


n 


x . 


ri th tho aid of (10) and (11 ) 
x i.+l "i+2 _ 


■n-2 


V j f i s f’:.+i s i+i f i«i f i+i8i + i • ‘ 


• i o S n 
n — <- n — c. 
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ana 


x iU+l = 


y n -l X n 


A lSi 


Su ; 'o t i tut in a; 

fy Aj T 


f . 


-1 


th is 1 n e la a t i on ( o ) f •; i ve s 

y + —) =0 1 = 0 , 1 


> n-r''n\ 


ii 


A , 


j 


. . n-2 (12) 


lun th t is none other than the fact that 

y 0 r: U = y 2 = y n _2 


UO 

and 


ce .'ill these values must satisfy 
the no fere have only two ■unknown 


the same equation (12 
y, namely y 0 


yn-i 


,'er- 


se we readily yet the formulas 


n - 1 X n^nt'n) 


n-]. 


0 ' 0°0 


(15) 


ana, substituting (9) in (11) 


t 


g G » 


f + O' 

O ‘-'0 


f y 

j r\ 


n-l 


L £a=il + &=1 


n t 

■O 


f. 


n-l 


J n-1 



So' 


Sr 


0 ( A ) 


hence , Pox* a given x 0 , that is, for a given Mach 

n inter of the initial flow , wo have two equations for the 
unhiiowns Yq and y n _q and the problem has therefore 

really men solved. If we carry/ out the differentiations 
of '..ho functions f and g (9) and substitute x 0 

and y n _i ~ x n _ x from equation (4), we get the following 
1>i place of equations (11) and ( 14 ) „ 
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1 + Ma 2 

o 0 


!k + 1 


-( y o - l ) 


1 n-1 


k - 1 


k& n - 1 L 


1 v 1 - 


k 2 + 1 , , ^ 

h + 


(15) 


where 


(k - 1) Ma n _-j + 


\r p 

■“ Ma n _ x "* 1 


3 - k - - “ Ma n-1 2 - 1 

2k n 1 


(16) 


In carrying out t)ie calculation it is practical to 
start with M&r^_q rather than with Ma q and then with 

the aid of equation (l6) to determine y and then using 

equation (15) the appropriate Ma 0 . 

Prom the equality of all y^ for i-0 to n-2 
and he car S3 of equation (5) it follows that: 


in y o “ Maq sin Yq 


• * • “ la n -2 sln ' Y n-2 


(17) 


It follows further that the total -pro 3 sure ratios 
(oquaticn(I) ) as we ll as the pressure ratios themselves 
for all oh 11 quo compression shocks are equal. From (16) 
it follows, moreover, that ^ ha 0 sm y 0 » ^ut 

that ha-n_ i has a very def inite relationship with 
Ma sin y and this relationship is independent of the 
nr: afar of compression shocks n and is also independent 
of the Mach number of the initial flow Ma 0 ; it depends 
solely on Mr 0 sin y 0 itself. The number of compression 
shocks flTV. t coiii'-s into consideration when we wish to 
determine Ma 0 from y G and Ma n _q. The coordination 

of too values of Ka 0 , y Q , Ha 0 sin x Q » and Ma n-1 
Is given im table- 1 for k “ 1.; ;f. >0. 
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TABL-r 1.. VAJCTMiv POSSIBLE TOTAL PRESSURES AFTER a 
COMPRESS I Of: SHOCKS 



'The third nlacs after the decimal point is net neces- 
sarily valid. 


From the values pi von above we 
the other IJach numbers with the aid 


can easily get all 
of equation (2). 


In conclusion it is to be noted that the first 
problem loses its meaning if we drop the assumption 
that the lust compression shoe!: is a normal shock. 
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when Jl 


rt.ji.so 

\ t 

is clear that the minimum 

or 

the 

minimum increase in entrop 

n 

cor 

,nr3 scion shocks degenerate 

i th 

van! 

shing increase in pressure 

no 

1 03 3 

of total pressure but als 

in 

or os 

sure . 


•;/e shall dispense with the proof that the solution 
of our problem actually represents the maximum and not 
another extreme value or a saddle configuration. 

The solution of problem 2 is now relatively short. 
The r- tio of fcue static pressures before and after a 
compression shock is given cy the following equation; 


p i+l 


Pi 


k + 1 


sin y- 


1 : - 1 
k + 1 


1 


; ( yi ) 


_i_ 

Si 


(18) 


A'e see that the treasure ratio for a compression shock 
for a r ivon Inch number of toe initial flow is a maximum 
if sin yi ” 1, and, hence it Is a case of a normal 

shock . Now if we did have solutions with n oblique 
shock wave 3 , then we see that ■ ■ 0 can always arr.tve at a 
hotter ore 0 sure ratio if we replace the last oblique 
compression shock b,. a nomal slic-cxr.. That is the 
f ollowi.ni" holds for the maximum just as it old before * 


N’n-l x n-l 


The remaining auxiliary conditions arc again the 3ame 
before The p voh lom differs only in che fact that a 
different function is to or made a maximum, namely 


p 


XL- 1 p 

1 - _\ , 

ln — = \ In 

P k p. t 

1=0 


n-1 

\ In g 
/ 

1=0 


' Ve a T a in * 'ofro utec the p a r erne tens X, tc 


X. 


n 


ind 


bv sot tin- the • ri vat: ves with re snoot to x,y and \ 
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equal to zero wo t gala get the necessary equations for 
our unknowns . The derivatives with respect to X and x 
a ain give the same equations ( (?), (10), and (11) 

s '■ nco n,o auxiliary conditions have not changed and 
Xn p u /p ( , does not depend on x. Tho derivatives with 
re spec i to y give: 


+ X 


i+r 


L + &i f i) = °i i = 0, 1 . . . n-2 (19) 


!Uid 


- + K . = 0 

■Vi 


( 20 ) 


do again form the product x.Xj and substitute it 
in ( 10 ) « This gives 


C' I 

t; l 


/r. t « r;,' 

+ v ..X ( — — + — 1 

f* " n_J - U V - L \ it 


0 i - 0, 1 . . . n-2 (21) 


TVrm which it again follows that 


7,, = 7n 


• * • 


^n-2 


donee equation (1'7) also is valid again. 

Prom tho auxiliary conditions we again 


, = X (i' » \ 
n-1 o\C">o/ 


n- 1 


( 1 ?) 


end as a sou end n mat ten for the unknowns v , and v 

n-1 

v 'e rot ; l o l’I: lo’oi.- eg suds titv.t J .no; X n from equa- 
tion (itg i i eg,.: rh. an l. 21 ) • 
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jt » ft » 
ii- 1 / o 


( 22 ) 


and 00 wo have again arrived at our system of equations. 
If v/e again substitute the functions f and g and 
their derivatives and go back as far as possible to the 
original variables, we get 


k - 1 


P _ / 


1 + ~ = 1 + — g — Ms 


?. aa ° - V 


k - 1 
2 


1 + - 


k - 1 v , 2 


k - 1 


v.„ 2 _ 

r, - a n-l ” 


•2 0 (> r o “ 1^ 


:1ft. T 

- — —7 y 0 - 1 

(k + l) d 


( 21 +) 


It is best to give y first, calculate J - a n _i 
from ( 2 !.;.) and finally i\!a 0 from ( 25 ). 

In any case there is something we must consider in 
our calculation. In our mathematical approach It Is 
not impossible that "expansion shocks" may also occur, 
which are of course physically meaningless since they 
contradict the second law of thermodynamics. Hence, in 
all our calculations, ;ve must require that Ma i+i he 

smaller than Ha.* or 


x, < x. 


( 25 ) 


cause of equation (10), which is valid for both problem; 

d v = v. = . . . v , this has the following as a 
o i * n - 1 


md y o = y, 
^msoqr.enco z 


f f* <1 

0^0 
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If we figure it out we get 


7a > 


k + 1 


k + 1 v 

> y 

2k 0 o 


01 -ese two oona.it. .tens only the first has meaning a 3 
calculation readily shows. It states that the angle of 
h hf ; shod: must always he greater than the Mach angle, 
wnlch is nothing new, A consequence of this condition 
is tire fact that we do not r*et a physical 1?/ meaningful 
solution for the second problem between Ma = 1 and 

about i.ia 0 = 1 *5 • However, v/e can consider that in this 

range tne solution : or n = 2, J, ! +f etc., must coincide 
•vilh the solution for n — 1 . 


In the second problem too, the connection between 
" a n-l oiid 7 r o - ,0 ' independent of the number of com- 
pression shocks n and the Mach number of the initial 
flow Ma 0 . The results are given in the following tab 

’Ye have given p 0 /p 0 c and p R /p 0 rather than p /p 

for k = l.ip'dJ, Tne last pressure ratio Is shown in 
figure 1 since this alone offers a comparison with the 
solutions of problem 1* 
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TABLE 2 

hi ore: 

n ( 

•;7 ATTAINABLE PRESSURE AFTER 
’MPRESSI ON SHOCKS 

n 

J.I&O 

1 * 1 

1 

n " ij 

1 . 

n. = 

2 


j n A* 
1 O' 0 

1 

Pn/V 

\ 

y Q 

Fa^ sin y 
0 0 

1 

Ma - 
I n * 1 

PrA>° 

1.0 

i 

! 0.528 

0.528 

1.200 

1.000 

1.000 

0.528 

1.5 

| .2727 

. 670 

1 . 20j L 

1.010 

1.463 

.670 

2.0 

j .128 

-576 

1.3)42 

1.308 

1.591 

.680 

XT 

ti • J 

j . OX65 

.it 16 

1.500 

1.581 

1.784 

• 573 

?.o 

j .0272 

.279 

1. 675 

1.337 

1.998 

.U60 

X .'5 

! .01-2 

. 1 -6 

! 1.659 

2.071 

i 2.211 

.347 

4.0 

| .0066 

.122 

| 

i 2. OaB 

2.289 

2.412 

.260 





= U 


vV : 

bo 

t-a 0 Ein r 0 

Ma n-1 

Pr/Po 0 

0.528 

1.200 

1.000 

1.000 

0.523 

. 670 

1.201 

1 . 002 

1.483 

.670 

j . 666 

1.7l;9 

1.115 

1.503 

.668 

. 624 

1.B05 

1.226 

1.550 

.643 

.555 

1.366 

1.353 

1.620 

• 594 

.471 

1.430 

1 . 466 j 

1.697 

• 542 

•395 

1.495' 

\ 

1.573 

1.778 

.495 


Xr we do succeed in setting up the compression 
shocks in the manner given in table 1, then the values 
which nne shown by the solid curves (fig. 1 ) are still 


net completely attainable si 
behind the last normal shoot: 
'be can count on 10 percent ox 
lost there so that >0 percent 


a co the subs xnlc diffuser 
i mp lies still o the r losses, 
the total pressure being 
of the indicated values 


are attainable. 


Conversely we can generally attain much higher values 
that those given bp the dotted curves since the pressure 
recovery in the subsonic -diffuser has not yet been figured, 
in. 
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While the subsonic diffuser plays a very minor role 
at high Mach numbers and with only one compression shock, 
its effectiveness will increase as the number of shocks 
increase . This can be soon from figure 1. For if I 
finally have a large numoer of compression shocks, then 
the last one leads to very high subsonic speeds, and 
h re I could practically double the pressure by means 
of an ideal subsonic diffuser. Hence, »while the subsonic 
diffuser is of rather subordinate significance for 
scooping up she air at high Mach numbers with the aid 
of a single normal compression shock, this is no longer 
true in the presence of several compression shocks. 

Here the proper design of the subsonic diffuser is very 
important. 


Our calculations 3how that we can attain very con- 
siderable improvements by adding one or two oblique 
compression shocks ahead of the normal shock. The idea 
of accomplishing this by scooping up the air in a circular 
slot at the nose of an ordinary missile was pursued 
several weeks before I began my experiments and without 
my knowledge by dr , Ludwieg, AVA. The experiments were 
interrupted in the early stages, however, due to the 
loss of interest of the authorities. 

The possible arrangements are sketched in figure 3. 
(a) shows the arrangement with one oblique and one normal 
shock . For two oblique shocks two arrangements are 
possiole m the main (b) and (c). It i3 a question how 
completely these can be realized. In the case of (b), 
as we shall see, the second oblique shock oarinot be set 
up directly by a notch in the shell. Moreover, this 
arrangement may give greater drag than (c). For (c), 
on the other hand, it must still be made clear whether 
wo can permit the prescribed oblique shock to enter the 
Interior of the missile from the edge of the scoop 
without having the channel contract beyond the limit 
given in figure 2. 


In our experiments it was not so very important to 
find suitable means of assuring a maximum possible pres- 
sure recovery. Primarily wo wished to ret a pressure 


recovery 
normal 


which was 
hock, and 


essentially higher than that of the 
n addition the function of the device 


was to be always 1 
shall call this a 
sure recovery take 


•eproduc Lb le without exception. We 
shock diffuser since it makes the pres- 
place in several shocks rather than 


continuous ly , 
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J. RESULTS 0> 


•TV' 


r BEL Ir«T NARY EX PER IMENTS 


Since our Institute lias only a rather small tunnel 
available (jet cross section 6x8 cm) only experiments 
with small models could be carried out. The first model 
has a caliber of 2 centimeters. The arrangement at the 
head of the missile was something like that of fig. 3(a), 
though the opening was rather large compared with the 
caliber. It amounted to IJj percent of the cross section 
of the nissile. The static pressure was measured several 
millimeters behind the opening. The results were con- 
sistently bad and the measured pressure was always far 
less than the pitot pressure. The reasons for this 
failure are stil.1 not entirely clear. For this reason 
the investigations had to be repeated using all our 
previously gained, experience • In any caso we could 
already determine from our firs t experiments that the 
results for such small models depend to a large extent 
on the size of the model and hence on Reynolds number. 
This is not remarkable since in a supersonic injection 
tunnel of the type we used a transition of the laminar 
into the turbulent boundary layer is to be expected after 
about 2 to 5 centimeters. But such lengths occur 
especially in the missile noses we used. 


In order 
cases wo gave 
the missile, 
2-co‘iti so ter 


to study the phenomena in the simplest 
no the idea of having the air flow through 
Two ordinary circular cylinders of 1- and 
diameter were manufactured, which had a 


pressure orifice in the 
surface also had a pro j 
shapes with a base area 
cylinder could be screw 
(See fig. 3 ( a ) . ) 


forward surface. The forward 
ecting rim. Tips of various 
loos than the area of the 
o d on in front of the cylinder, 
the tip screwed off, we got the 


pitot pros sure, as 


w i 


to 

Wl 


expected, h'lth the tip 
somewhat lower as a rule. 


screwed, on th- pressure 
but in certain cases it exceeded it considerably. But 
these ex oe rime rubs proved to bo r onr e pr od uo ib le in general 
Schlieren observations shored chat the flow phenomena 


were very mis uo a 
in ti i c d i s o u sale 


OI 


e shall '.‘ij turn to these phenomena 
our f .1 n a 1 v e s u 1 1 s . 


Th e r ' 

are three 

P c s 

between bb.o 

expo rim :• 

bs 

expected tl 

c ore tic a I 

I y . 

in sudors on 

.ic flows 



si Mo causes for the difference 
an:' the results which were 
Firs b boundary- layer phenomena 
completely alter the flow picture 
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by pressure Increase. Second, unstationary, periodically 
varying, 1’low conditions can appear. Third, the fact 
that the free .iet extends a finite distance is important 
for large models. As we shall see, this can completely 
alter iha results for supersonic flows, 

hater the possibility arose of carrying out the 
experiments in a larger supersonic wind tunnel (cross 
section x is cm) which has an arrangement for drying 
the air. Also v.e had the use of a model which had been 
constructed by Dr, Ludwiog for his experiments, and we 
did use it after some changes were made, (See fig. 1). .) 

A suction line was built in, A-L, The disturbing 
boundary- layer effects were 3uppc3od to be avoided by 
suction through a suction slot A. The entrance cross 
section F e amounted to only a fraction of the cross 
section of the missile. The static pressure and the 
pitot pressure somewhat behind the entrance were measured 
The mass flow could be varied by adjustment of the 
throat D. The tip of the missile could be screwed off 
in order to permit a slight change in the shape of the 
tip and the position of the suction slot. 


In figure f the results are shown for the tip which 
performed best. The t.iroat opening Fp, which was made 

dimensionless by the entrance opening F , was chosen 

as the abscissa . The pitot pressure and static pressure, 
which are made dimensionless by the total pressure of 
the free stream p 0 °, are shown with suction on and off. 


The Mach number of the free stream was Ma 0 = 2,9. The 


Mach number at the point of measurement can bo determined 
from the pitot pressure end the static pressure. If the 
ratio p^/pp is greater than C.p28 (p,,^. static pres- 

sux°e. Dp pitot pressure) wo have subsonic flow, but if 
Pg^/p^ is less than 0.928, then supersonic flow prevails 


In order actually no recover the pressure , in the first 
case a e light lj 
h.*i to be attached behind the 
in the second case the re came 


.j divergent channel (subsonic diffuser) 


point of measurement, and 
■ nto consideration a super- 


s on. ic diffuser w h l c h w us u 
divergent or a rather long 
sonic diffuser attached, 
c hamt c r v; a s th e n a f. t a oh o d 
and fro.a it the air flowed 


ctually a somewhat convergent- 
parallel channel with a sub- 
I ..1 either ease the combustion 
onto the subsonic diffuser, 
through a Laval nozzle whose 



NACA TM No. lli+0 


23 


narrowest point would serve for our throat. How the 
flow would act if we had a still greater contraction 
behind the entrance cross section F_ is hard to predict 

But we could predict it with certainty if p st /p 0 = O .528 

For in this case we know that about JO percent of the 
total ere 3 sure at the beginning of a subsonic diffuser 
is recovered by the diffuser. 3 luce, in our experiments 
P d /p o ° v/as about 0.60 ior p s ^./p n = 0 * 528 , it could be 

predicted that in the combustion chamber a static pres- 
sure of 0.90 x 0 . 60 p o ° = 0.5ij.p 0 must be obtainable. 

The experiments discussed a ! >ove also showed that 
the suction offered no practical change in the pitot 
pressure. Only in the static pressure did occasional 
considerable changes occur, the procurement of which, was 
not to be expected with the construction of a proper 
shock diffuser with a subsonic diffuser. 

On the basis of \ xe results of the preliminary 
experiments and of the new knowledge in the field of 
subsonic diffusers (3) a model was built concerning 
which a detailed report will be given in the following. 


kODSL 


KX F li d I jV r C NT aL 


The model (fig. 6) shows in general trie same arrange 
iTient which has already been used in the preliminary 
experiments (fig. ) . An important difference lies in 
the fact that a s-ab sonic diffuser U-D now is attached 
directly on to the- entrance and then the combustion 
chamber B-X of about the same length. In it there are 
long struts •which connect the .backet and core of the 
missile. The angles at the tip of the inis silo wore 
chosen so that the angle be tween the conical tip of the 
missile and the head wave should be as large as possible 
rather than on the basis of our theoretical knowledge 
concernin'" chc arrangement o i the shocks for attaining 
maximum pressures. (See tables 1 and k • ) This is 
supposed to permit us to introduce the entrance cross 
section F in the best possible manner within the 
shocks which emanate from the tips of the missile and 
the suction slot. How difficulties which arise must be 
eliminated, first of all . In the now model the throat 
consists of a Laval nosslo whose smallest cross section P 
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has the form of a cylinder of diameter h; the axis of 
the cylinder coincides with that of the missile. 
Naturally this arrangement is completely unsuitable for 
practical application. In cur experiments it was 
important to be able to set up the cross section Pq 

as exactly as possible and thus to assure not only a 
precise evaluation of the experiments but also their 
reprec'ucib ility . t lines a micrometer scale was put on 
the part of the throat which could be screwed on, the 
value of h could be read to 1/20 millimeter without 
difficulty. On the other hand there is no doubt that 
sonic velocity prevails in the cross section Fp in 

the region which is r it important for us. The pres- 
sure in the free stream was about 2p millimeters of 
merci.ry, In the measuring chamber the pressure was 
always somewhat higher, but it is certain tyiat the 
pressure in the vicinity of the throat was not greater 
than in the suction reservoir of the apparatus. It was 
never more than 100 millimc tors of mercury. Since the 
pressure in the combustion chamber w a 3 always over 
27 O millimeters of mercury, the pressure ratio was 
certainly always supercritical. The high accelerations, 
which the gas experiences on leaving the combustion 
chamber through the narrowest part of the throat, assure 
a flow in the entire region of the Laval nozzle to 
beyonu the narrowest cross section. Hence , the function 
of the throat us a Laval nozzle with sonic speed in the 
narrowest cross section cannot be doubted. 

The suction line A-L was therefore chosen this 
large so that the core of the missile should not be 
unnecessarily heavy. Suction into the me asuring chamber 
takes place through a calibrated, adjustable valve. The 
volume which was sucked off could always be determined 
with sufficient precision from the pressure measured in 
the suction line and the valve opening. When the suction 
was turned off a plate was clamped into the suction slot. 
As a result the suction slot itself is never visible in 
the s chlleron photographs . 

* I'he quantities v. 4 ich wore most important for 
prao + -....cul purposes <rr, .0 measured, namely, the static 
pros -.nre and the pitot pressure at che end of the 
coo: ' .’lion chamber, but sufficiently far ahead of the 
thr so that it could not have any important effect 
on ’she velocity distribution at the noint of measurement. 
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Naturally care was taV un that che measurement should not 
be carried out in the ,i/ake of a strut. If the setup 
functions well, and there is a smooth flow through the 
combustion chamber, then there are nc important 
velocity components perpend icul ar to the axis of the 
ml 3 silo" in the vicinity’ of the measuring point, and 
hence , hne static pressure directl’ r over the measuring 
chamber must be constant. Tne pi cot pressure con la. be 
measured, at all points in the cross section of tne pres- 
sure orifice for static pressure. First, the pitot 
tube could be shifted, perpend xculnr to sr.e axis ox the 
model; second, it could oe moved at wIIl together with 
the orifice for static \ 
model. The absolute s U 
mercury U- tubes, and the difi'o 
pressure and the pitot pre 
manome ters . 


3 re s sure 
..tic pre 

ff 


around the axis of the 
usure was measured with 
. nco between the static 
m easured with water 


All these experiments wor 
13- x IJ-cent 1 meter sure re or 


c-.rried out in the 
bunnel of the Institute 

p or Fi-'h Velocity Problems of the Aerodynamic research 
Laboratory Gottingen e. V (Professor '.Valchner ) . .This 
Is a 1 ow-nro 3 sure tunnel of 'ho usual type wherein the 
air is sucked from the laboratory through a drying 
filter, through a Laval nozzle and & measuring chamber 
and into £ 


ow— ore s sure 


i’VOl 1 


The cross section of the combustion chamber In our 


model was chosen so that the flow there can be considered 
incompressible, x'rl. r ‘.ily this pan. its as complete 
combustion as is possible without having -too long a com- 
bustion. chamber . For the velocity in ch.e combustion 

Pern o’ ill equation. If wo think 
Diilcss by the velocity of 

wo arrive at formula 25 « 
ureod of sound at 


oi 1 r.ua L V 1. 

u v:.j can v..«m t 

5 V: 1 C\ 

of the 

velocity a 3 made 

din ensi o 

sound l 

t the stagnation 

pc in " c 

For our 

expo j’ime n t s we 

C llti : C 1/ 
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equal to 

in the 
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C 0 "t lO .* '' "b 
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1 onge r 
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cr 
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here p st and 
p r 0 0 s vre in tho 


n are the static pressure and pitot 
P 

c embus t i on chamber • 


Under ordinary meteorological conditions the 
stagnation temperature for a free -stream Mach number 
Mu 0 “ 2. -) is approximately equal to T° = 800° 

absolute ar.d the correspond in<; velocity of sound is 
about c° = c ) 70 m/s. As is known this is independent 
of who ther the compress ion shocks are a! lead of the 
s ta .at ion point or net, only assuming that we are 
deal irg ’si th an ideal gas. If v; c are interested in the 
dons i.ty in the combustion chamber, v/e can easily calcu- 
late it from the temperature and static pressure , whore 
we can sat the c embus t i on- ohamsc r temperature equal to 
the stagnation temperature ’with, sufficient exactness. 

In the evaluation all pressures are made dimensionless 
by tho total pressure p 0 of the free flow, that is, 
treat pressure which is achieved by isentropic compression 
of the free -stream air at a velocity w = 0. For our 

exnoriricnts n 0 is that pressure which nr oval Is behind 
o 

the dohumidi f ./iiiy, filter; because of the pressure drop 
in iv f. liter it is always so mu what smaller than the 
barometric pressure . 
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the order of 


n»agnlt\;d'> of the dlf foronce botwee ; the chamber and the 
nozzle rrrosauro , but rathe v the flow was completely 
altered and the static pressures in the combustion chamber 
fell to about ! ;.0 percent of fee values which v/ero 
measured with thr: props r arr-angomont • VVe shall return 
to this important tdionomon "-a in orr discussion of tho 
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The majority of the measurements were made . for a 
free-stream Mach number of Ma c = 2,9, in particular, 

the experiments with suction and the pitot-pressure 
measurements ever the section of the combustion chamber. 
The most important experiments were repeated i or 
Ma 0 - 5.16 and Ma 0 = 2.62. The Mach number in the jet 

was determined simply from the nozzle pressure, which 
can be done without complications for dry dir. 


5 , EXPERIMENT Al 


RESULTS 


In general our experiments were carried out so that 
r'oqsnr'fts ti . and o_ ** n we; re meaoured for 


the pressures 


?st 


P P ~ 


St 


increasing throat opening 

f - - 


P 


D 


For this we had expected 
some thing" like the fold owing; .Vhen the throat is closed 
there will be no flow through the missile. There is an 
oblique compression shock starting from the tip of^ the 
missile and one from the suction slot. Ahead of the 
opening F e , just as ahead cf a pitot tube , there is 
a normal shock behind which, the air Hows cuf to the side 
without entering the missile. Under these conditions 
there must he 9 . ores sure wifchm ciie iaissIIo wAich is 
significantly higher than the pitot pressure in the 
free stream (cf. problem 1) 


somewhat, then Part of the 
can f 1 ow into the interior 
must 3 till flow off to the 
increases, nothing changes 
opening for which the mass 


, Now if the throat is opened 
air behind the normal shock 
of the missile, and the rest 
side. As the throat opening 
qualitatively up to that 
flow is exactly equal to the 


mass which 


would flow 


through 


the cross section F e even 

At 


If the entire jacket of the missile were removed, 
this point the jacket of the missile 13 no longer a 
disturbing influence upstream. Indeed, oblique compression 
shocks go downstream from the leading edge of the jacket, 
but otherwise the flow enters the missile at supersonic 
velocity. In the subsonic diffuser it then falls 
abruptly to subsonic velocity In a practically norma 
shock, as has been known for a long time from experiments 
on Laval nozzles. (See L. Prandtl, Fuhrer durch uie 
Stromungslehre, p. 2ltf, fioS.22k to 226.) If the tnroat 
Is now opened still further, the mass flow remains 


unchanged for upstream from the cross section F 


e 


the 
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flow is always the sane. Opening the throat still 
further only causes the normal shock in the subsonic 
diffuser to novo further downstream, and the combustion 
chamber pressure falls correspondingly. (See fig. 7 .) 

Accordingly we had two flow conditions which were 
fundamentally different: one with a normal shock ahead 

of the cross section F e and with increasing mass flow 

as the throat is opened, and one with constant flow 
ahead of tne section F e and, hence, with constant mass 

flow and a normal shock in the subsonic diffuser. Here 
the pressure falls in the combustion chamber as the throat 
is opened. The position of the throat for which a normal 
shock occurs in the subsonic diffuser near the cross 
section F c can be rather accurately determined without 

knowing the exact flow data. If we assume that on entering 
the missile and ahead of the normal shock the flow has 
a Mach number of about Ma = 1,5 to 2 . 0 , then the Mach 
number^ behind the shock amounts to about Ma = 0,70 
to 0 , 58 . From this the cross section at Ma = 1 can be 
calculated for isentropic compression. It is about 0.83F 

to 0.91F . Now in any case, the compression in the sub- 
sonic diffuser is not purely isentropic, and about 
10 percent of the total, pressure is lost, so that the 
throat opening P D must bo foout 0.91F_ to 1.00F- if 

the normal shock is in the beginning of the subsonic 
diffuser. This can be predicted so well without flow 
data because the Mach number behind the normal shock 
does not depend very much on the Mach number ahead of 
the shock and the flow cross section changes' very little 
for Mach numbers near 1, 

The optimum point at which the compression shock 
enters the missile we shall call the critical flow, 

( There . is hardly any danger of confusion although the 
conditions in the narrowest part of a Laval nozzle at a 
Mach number Ma.= 1 are also called "critical condi- 
tions.") Subcritical flows are characterized by the fact 
that the mass flow increases as the throat is opened. 

The drag of the missile is rather high in this case since 
a compression shock is situated ahead of P a , Surer- 

critical flow has constant mass flow, and. combustion 
chamber pressure falls as the throat is opened. The 
drag ol die missile is to be assumed to be smaller than 
in the subcritical range. 
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Figure B ( a ) shows the static pressure in the com- 
bustion chamber ; figure c'(b) rho.vs the velocity in the 
combustion chamber ( calculated for formula ( 29 ) from 
the pitot pressure an! the static pressure) as a func- 
tion of ti e ratio of throat ..-.re a to entrance area F^/Fg • 

In the free -sire am region Ma c = 2,9. The measurements 
come from several series of tests. If we now consider 
the static pressure , we see that as the throat is opened 
it rises to a max ‘mum at an abscissa of about Fp/F e = 0 * 90 , 
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the value would remain constant from about Fgt/Po*’’ " ^ 

Tho pressure which can bo attained with a pitot tube in 
the free stream is indicated by a straight line for 


p/p o = 0 . 56 , For a missile with a simple opening in 

its nose this pr assure cox: Id never haw been completely 
attained because of the losses in f h ■ aul sonic diffuser. 
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Correspondingly all cross -sec tic 
from the con;;ust.ion must be made 
for our model* If the c embus tic. 
then the interior of the combust 
within the supercritical condiii 
combustion starts, it acts like 
throat. And, hence, the pressur 
chamber must riso, which causes 
and brings about a further rise 
only be careful that the amount 
Is such that wo never exceed who 
happens, it causes a drop in the 
ores sure with increasing drag an 


happens, it causes a drop in the 
pressure with increasing a rag an 
in velocity. Our cons id. c rations 
ro;:;' : on of flow 3 s of little i.ut j 
wo shall try to explain extmsiv 
'which occur there . 


nal areas upstream 
larger than those given 
n has not yet started, 
ion chamber is well 
on of flow, Alien the 
a contraction of the 
•o in the combustion 
the combustion to Increase 
in pressure. We must 
of fuel which is injected 
: critical point. If this 
o embus t i on chambe r 
i, hence, a sharp decrease 
i ah. or/ that the sub critical 
:rest for us. Nevertheless, 
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the test chamber there was always a very characteristic 
humming sound while in the supercritical range nothing 
similar could be heard. From this it could be concluded 
that there were some periodical or nearly periodical 
processes. Moreover, in the subsonic range the mercury 
and water columns in the manometers were always subject 
to small variations. The vibrations of the compression 
shocks has also already been observed in many preliminary 
experiments. »7e made s chile re n ohetegranhs, therefore, 
lit 


usj.n 


3 -y~) q 


condition at different instants. 


source in or dor to get the flow 


such 


no 'i 


iara': 


iS . 


Phot or rap! : 


gure 9 shows nine 
5 we .re made with 


1 to 

the some throat position in ;: e subert ti cal range, and 
I4. to 6 w.i th two different throat positions in Ihe super- 
critical range. If we now cons 1 Ter the photographs in 
the supercritical ran a , we always see one and the 
same nicture in the vicinity of the nose of the missile. 
The two bright streaks which come out of the undisturbed 
free-f lev; region (especially'’ clear in photographs 7 to 9 ), 
are the oblique shock waves wr’ ch emanate from the edges 


of i.,ho 
as the 
model 


n os 
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ves 
side ed. 
ic ture ; 


vhat into 


the shock waves of ti- 
the missile as far 1 
see tne slow at tne 
is of little into re ; 


ti ia t 
But 
f r om 
this 


inci’ease in pressure. It appears 
stands ahead of the entrance Ik , 


;o of the nozzle is visible 
>n ti'o left. The nose of the 
nozzle in order that 
edge of the nozzle should meet 
uck as possible. Hence, we cannot 
tip of the missile itself, but this 
t for us. It can be seen very clearly 

he suction slot 
direction, but 
b ouna a r y 1 a ye r . 
shocks start 
1 dead area, and 
nee bo c .use of i t 
red with this 
as if a normal shock 
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due to a fault in the three-d ‘.monsional picture. Tlio 
compression shock which we see emanating from the out- 
side edge of the entrance must bo thought of as rotatin' 


; oi 1 


fne axis of the 


parallel to trie entrance 
ring-typo compression sh< 
forward. It is civic si- 


silo • The .straight streak 
1 s there f o r c t ho p a r t o f t ] cc 
rk v/hJ ch is arched fur the rest 
a conical shock within the 
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the outer edge of 
This is important 


the opening; rather than arch outward, 
in order to decrease the dra.fr. 


If we consider the three photographs I to 3 of the 
s uncritical condition, we find different flow pictures 
on each of them. Photograph 1 is not essentially dif- 
ferent from a picture of the supercritical condition of 
flow. For photograph 2 the air obviously flows out of 
the interior of the missile while in photograph 3 above 
we have supersonic flow like that of figure 1 and as 
can be seen from the bright line emanating from the suction 
slot, subsonic velocity prevails below. Thus, with sub- 
critical flow we are saling with a very complicated 
unstationary flow for wnioh the interior of the missile 
is alternately filled with air* up to a certain pressure 
and then part of this air is ugu : n forced out against 
the general direction of flew. During this process part 
of the air always flows through the missile, the amount 
depending on the throat openin',. Under these conditions 
we should not wonder if we :<• l badly reproducible 


measurements for whirl; the negative pitot pressures are 
al s o ob s o v vo d , 


These aro the condition 
predicted the 'recesses oorr 
flow, our expectations are 
subcritical flow. Here no 
up and cur measurements ar 


then: ’while we invariably 
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not realised at all for 
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reports 
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are naturally very much different and formula (25) 
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of the throat - it is always ha ~ 1 - arid, since, we 
also know the ratio of the contnoti.cn chamber cross 
section Fj) to the throat cross section, the Mach 

number in the ccmoustion chamber car, be calculated. 
Here again ,ve take the velocity w divided by the 
velocity of sound in the stagnation point c° instead 
of the hash number. The condition of continuity is 


Fwp = F D w-rp-::- 


But because of 
bust! on chamber 
Hence p-f/p is 
ratio p :>/p = 0 
consequently. 


he low velocity 


can be set equal to 
to be c one 1 u o r o d a t 


63; 


w-::- /c° 




density in the com- 
Iho density for w = 
the critical density 
for k = l.ij.OO) and. 


0 . 


w _ wu TO 

To ,0 „ r,“ 


0.173 - 


J - D 


( 26 ) 


Thu3, we see that the velocity in the combustion chamber 
depends only on the temperature in the combustion chamber 
(because cf c°) and the geometric ratio F c /F q . The 

straight line (2b) is shown in figure <j(b). The velocity 
calculated from formula ( 25 ) with the aid of the pitot 
and the static pressures generally lies somewhat below 
the values of (26) in the supercritical range. But 
considering the precision which was established for 
determining the velocity in the combustion chamber, the 
variations are entirely meaningless. On the other hand 
the variations in the sv.bcritic&l range are very large. 
Here the values which formula (25) gives are certainly 
false. " r hile in the subcrttical range the variation 
of the Pressure in the combustion chamber is certainly 
responsible for the deviation cf the measured points 
from the straight line of equation ( 26 ), in the super- 
critical range there is also the question of whether the 
assumption, that exactly the speed of sound prevails in 
the narrowest oart of the throat, is completely satisfied. 
As is known , this holds only if the radii of curvature 
of the nozzle walls are largo compared to the nozzle 
open:! ng • 


The volume f flowing through the missile is 

of very great interest from the point of view of 
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combustion. The Important, factors for the amount of 
mass flow arc the density cf the air and the velocity 
of the air in the .free stream. Mo v these are very much 
different in an experiment from what they really are, 
and so there ! s not much sense in giving the mass flews 
which occur in the experiments. It is better to choose 
a value which is Independent of the particular density 
and velocity in the f roe-flow region - a value which 
therefore depends r nl . on the ship ■ of the missile and 
on the free -stream hash numoor. For it, we choose the 
ratio of the cross section F , which includes the air 

in the free -stream region which flows through the 
missile, to the onLranc.^ cross section F e . If we 

inc 1 cate all values in t} e free -stream region by the 
subscr Lot o and the mass flow by G, then the following 
condition of continuity must be satisfied: 


f.O.w = F-ppo-w* 
;■ o o ip 


The density in the threat p-t- is now not approximately 
equal to too critical dens i ty O.lypp appropriate to 
the froc-stream density, tut re. thor ' it is smaller by 
the loss of total density. But since the total tem- 
po rat uro T n is always the sarnie, the ratio of total 
density in the combust * on chamber to the total density 
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o am is c 
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eat i o p T /p ,° . 

SuV' s on i e 

V 0 1 

oc J t j prevails in the 

o om- 

bus 1 1 on ch am be i* 

a::0 so t) 

,.a 

o t a 1 n r e s s ■ i r e 1 t.3 e 1 f 

Ls 

measured by the 

pitot tn: 

K • 

icnco, wo can write 
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p v." /p-K-v/*- is the rat -O c f the flow cross section in the 
o o 

free -stream region to the flow cross section for Ma — 1 
assuming that conditions change is'-nt ropi ca'.ly. This 
r.'>tio depends only tn Va. and fop 


it i: 


p w 


= 0.26 
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Ixi order to get the true mass flow, we need only to 
multiply the flow cross section F by the f ree-stream 

density and the f roy-s treani velocity. 


are 


In figure 6(c) the cross-section ratios F /F 
^ 0 0 

shown as functions of Pq/F g • In the supercritical 


range ? 0 /F^ must also be constant because of the con- 
stant mass flow. As we see this also fits in well* The 
small increase of our values for the mass flow in the 


supercritical range should bo cue, just as trie deviations 
in the velocity values under conditions which have already 
been mentioned, to the fact that it is not entirely 
correct to assume constant o enaction in the narrowest 
part of the throat for wide openings, and that the pres- 
sure measurement Is not completely exact due to the small 
variations which occur. The numerical values show that 
approximately twice the surface of the circular opening 


is scooped up from the f ree-strcam air, Fence, this 
is just twice as much as we could expect to attain with 
a simple hole of size F e in the nose of the missile. 

While the air experiences no change of condition ahead 


of the entrance 
the case of the 
f 1 ow is a Ire ad y 


into the missile in the latter case, in 
shock diffuser the cross section of the 
decreased by compression shocks ahead 


F. 


(Sc 


( • ) 


We can also make use of the fact that the mass 
flow is independent of the tin.* oat opening in order, 
with the aid of f ormula ( d r { ) ? to give the pitot pressure 
in the combustion chamber as a function of the ratio 
F -j/f 9 if we know the pressure for only one t lire at 

opening* As the curve si lowing this relationship, we 
obviously get a hyperbola. This permits us to extrapolate 
the pitot pressure in the combvis tlon chamber somewhat 
beyord the measured range. 


We could now question whether tho values, which 
w o ha ve me a s ur o d , occur o r. 1 y a t t h e i : ; e a s 1 1 rod p o i n t 
itself and perl taps differ cons Ido rably from it at other 
points. In order to go on with more sure ness , the 
velocity profile at cno station of the combustion chamber 
was first* measured. This was readily possible s ince 
t ho p 5 tot tub o c o uld b a s h i f t e d i n a rad I al d i re c t i on • 
Table )+ gives the results for two throat positions. In 
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all f i ve positions we re measured, 
are satisfactory throughout , 

Greater deviations are to be 
in a circle In the center of the < 
Pox'* ve cannot assume that the nor: 
same position everywhere in the si 
These Tie asr.re merits were carried ot 
In f 3 cure 10 the cross section cf 
is indicated d’ the four me asurc j 
sec no subs t mat ial deviations • ( . 
quentl”- lie rather close to one a- 
always uirectly obvious which pos: 
certain joint. Cut since for ■ • c. 


As we see the results 


■ expected if we measure 
c ombu s t i on ch amb e r , 

■mal shock Is in the 

■ ub sonic diffuser. 

iut for four positions, 
the c oral us t i on chambe r 
places. Here too we 
3ir.ee the values f re- 
lief her, it is not 
it ion is given by a 
h F-n/P„ all four 


positions rare always measur'd, if can always be readily 
seated, ,.ovv t.xe mj j.vt dual points are covered, ) 

moreover several measurements were made with an 
angle of at tach of the missile to the direction of flow 
oi c o one pO • in these measurements pitot pressure and 
staTTc pressure were measured in the four positions of 
trie tests just described, ’lie throat position was' near 
tic' critical position. Hero too tiro re* wore no real 
deviations. The highest pitot r ■ro insure In the combus- 
tion chamber seems to aopear .... times on the lee side. 
Hour. ever, between the other measurements tie model has 
ofi'or: uoeu taken out of the of a mol and when * t is put 
in again is always adjusted with the naked eye alone. 
Never thole sa, in the supercritical region only slight 
deviations appear in the measurements. This -too .bodi- 
es cos a curtain insensitivity of the device toward small 
angles of attack. 


the tests just described. The 
tarn critical position. Hero t; 
deviations . The highest pitot 
tier, clamber seems to an re r h 
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TABLE k.- VELOCITY PROFILE IE TEE COMBUSTION CHAM EE R FOR 

Frj/j*’ - 0.92 ,2'L 1.1,6 

: j - tj 
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plotted in figure 1, 

lose to the curve 
n ~ 2 also gives a 
3 su re recovery 


-her or 


3 e what 


3 1 3 s s than 2 the 
3 , since b oundar y- 
reater role. 


The fact that our points are so close to curve 2 
shows theoretically, moreover, that v;e recover the pres- 
sure in at least two oblique and one normal shocks, as 
we have already recognised from the s children photos. 

Now if only one oblique shock wore present 
then on account of the losses in hie subsonic diffuser 
only about 90 percent of the values of curve 2 could be 
reached. Several of. .or effects are added to this effect 
and they would be of lessor weight* A favoraule effect 
is contained in tho fact that an isonfcropic compression 
(compare, for example, R. Sauer, las Dynamics) always 
occurs in the conical flow. Thus, the parts which are 
nearly conical give a somewhat butter recovery than the 
calculation shows, if we mate shock;: alone 

re so ons i bio for the nre; csro rd -e. I.at contrast 
to this la tho fact that certain small losses must be 
accepted on account of tho bouno. ary- layer flow. It is 
noteworthy moreover that for our model the angles are 
in no event chosen so that tho most favorable combina- 
tion of shock waves is given directly. But this assump- 
tion undo: rile s •‘-bo calculation of v-hu curves of figure 1, 
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In any event it is such that for not too great deviations 
from the required optimum shuck-wave angles, no real 
deviations from the theoretical curves are to be expected. 
Now we are at a maximum here, and the values near a 
maximum are, as is known, insensitive toward slight 
deviations of the arguments. 

The influence of these four effects can be arranged 
somewhat in the following order: First, losses in the 

subsonic diffuser; secondly, gains in : he conical flow; 
thirdly, los ses due to deviations from the optimum shock- 
wave angle ; and fourthly, bo and ar., -layer losses In the 
region of supersonic flow, Ik? effects really depend 
upon the shape of the model. If the two effects mentioned 
in the middle are more carefully considered, it would, 
surely be possible to even increase the effects with 
respect to our model. On the other hand the losses 
in the subsonic diffu. r and in the boundary layer could 
even now oe reduced to a minimum by moans of the tests 
cl e s c r ib o d , 

We will not go far wrong if wo assume that in a 
broad range the four effects mentioned are more or less 
independent of the Mach number. Very likely this is 
also the reason why the measured points aro relatively 
well arranged in the curve system of figure; l. 

Our proceedl tig 3 show that near the critical point 
and in the supercritical region no cotter values for our 
model are to be exoocte d U 3 ian those reached in the tests. 
Thus, at least in the reg'on where the missile functions 
wo 11, we Cannot expect much in the way of suction. We 
have carried out tests with four different openings 
of tlie suction valv.). But the differences are slight, 
so that wo show in figure I'd only the experiments with 
half opened or fully opened suction valve in contrast to 
those without suction. Along wath. the pitot pressure and 
the static pr 3 sours Ti the test chamber the volume of 
suction was also determined for each measurement. The 
results io not so em important enough for us to reproduce 
them ail hero . as the throat opening increases the 
suction volume decreases somewhat u til the critical 
point is reached. As would certainly to expected it 
remains constant in the sure, rcriticul region. in fig- 
ure If tnc ratio of suction volume to volume of flow 
^Ab/N is always ,a d I. ted for the a unc rcriticul re gl on . 
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He see that in the region which concerns us, the 
suction is detrimental and, indeed, in spite of the small 
velum) of suction an important drop in the static pre s - 
sure within the c cam us 1 1 on chamber results. Only in the 
subor! tical range toes .it happen that the suction 
occasionally causes a rise in the static pressure • This 
effect was often present in the tests in the sub critical 
range without being reproducible with an;/ complete 
certainty . 

After nil that ie been said, it is not remarkable 
that the suction offers no advantage in the super- 
critical range. But in the subcr.it leal range it does 
not appear to oe sufficiently eflfctlve as opposed to 
the strong pulsations which occur. 


In conclusion we sha.il front briefly r»ho tographs 7 
to 9. (See fig. Q. ) Here tie missile is not thrust 
sufficiently far 1 .to the nozzle so that the oblique 
compression shocks e nun at in , .from the edge of the nos tie 
meet the herd waves of ; ho missile in the vicinity of 
the cross section F^ . The shocks emanating from the 
nozzle and from the missile confine in both the super- 
critical , and subor i tical r..rv o in approx km tely the same 
way into an arrange .'lent of -c<'- marossion shocks which 
differs from the rest of kho photographs . The pressure 
me asnrements show that this results .In extrnord inary poor 
pressure recovery for any threat opening . It is there- 
fore very important for correct values to set un toe 
model correctly with recrv- s t to the nozzle of tie tunnel. 


6. DISCUSSION OF SOHP AOhITTOruL IHPilH I'fiTTTJ 
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tests are shown in figure • It is evident that, when 
the tip is not moved back, the values with the new form 
become somewhat worse. Put moving the tip back again 
causes an improvement. When the tip is moved back 
1.5 millimeters we get a maximum value of p ^/p 0 ° - O. 62 I 4 .. 

This is not a single point, as might be supposed from 
the figure; other values approximately a 3 great were 
measured, but they are not shown here. We should note 
that the value of F e increases somewhat as the tip is 
moved bach. By F Q in the fraction Fj-./F we under- 
stand the entrance area appropriate to the position of 
the tip at that time. The velocity, which was measured 
but is not shown here and, also, the mass flow do not 
differ much from the value ax-rived at in the earlier 
tests . 

It is therefore s' cwn that the value when the tip 
is moved 1 «B mi 115. motors back represents the experimentally 
determined maximum. Since the drug of the missile could 
be even smaller here than for- the original model, this 
form would no preferable to the original form. There 
can be no doubt that the values at the various points of 
the combustion chamber do not vary here any more than 
for the nose of the missile which was tested first and, 
also, that she other charac ter.i sties -cave undergone no 
real change. 

But .from the last experiments we can see that the 
performance possibilities of the shock diffuser can 
surely he Increased still more. Thus, these tests 
appear to be; important primarily as an indication of 
this possibility of increasing tl x- c embus ti on- chamber 
pressures rather than as an Improvement in the diffuser, 

Hon co , we should strive' primarily to construct a 
new shock diffuser with the aid of the axially symmetrical 
characteristics method on the basis of the knowledge 
derived in tlxe theoretical section concerning the optimum 
arrangement of oblique shocks. In this, the angle in 
the cone can be dispensed with in any case; it would be 
more pertinent to try to have an oblique compression shock 
emanate from t ho tip of the cone and also from the outer 
rim of the 'entrance area F, and. we 'must be careful 
that the tunnel, behind the entrance area F is not 

constricted beyon th perm ‘ s sible limit. If wo succeed 
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i n construct! ng an arrang ament while keeping the optimum 
shock angle - which, in any case, is not difficult 
mathematically - then for a Mach number of ha Q = 2.9, 

00 nor cent of the value given under n = 3 (solid curve) 
in figure 1, that is, P 3t /p 0 ° = 0.90 x 0.78 = 0.70, must 

he attainable , At the sane time we should take care to 
keen the or ay of the model as small as possible. 


7 . Civ:.' ARY 


The problem cf having oxygen. available at maximum 
possible pressure for ;e rocket propulsion of a missile 
flying at high speed was solved in this way; the atmospheric 
air is first compressed at the nose of the missile in a 
compression shock cone and is then introduced into the 
interior of the missile through c. circular opening. 

After still more compression 0,7 shocks, "he air is slowed 
up until it finallv reaches sub sc .lie velocity. Further 


up until it finally reaches sub sc sic velocity. Further 
increase in pressure is effected oy a subsonic diffuser 
through which the a ir reaches the combust ion chamber . 
Theoretical considerations show that this method leads 
to significantly higher pressures than scooping up the 
air by a hole similar to a pi toe tube in the nose of the 
missile. If certain rules are followed, the method which 
is described can be realized very well in practice. While 
the maximum pros sure of the air in the combustion chamber 
which is theoretically attainable out cannot 00 reached 
in practice amounts to atmospheres absolute for a 
missile flying In the free atmosphere at 2*9 times the 
speed of sound, n c emeus t i on- chambe r pressure of only 
11 atmesoheros absolute can 00 attained using a simple 
duct 1 r. the nose of the missile , On the other hand the 
best results obtained In our experiments correspond to a 
combustion-chamter pressure of xb at. me 3 pi re re 3 absolute. 

The experiment s in the range which is of practical 
interest proved to be comp] e tely reproducible ; also, 
tho device proved it to v >o 1 r: sensitive toward disturbing 
influences, A certain additional increase in the per- 


formance seems possibl. 
diffuser due to th; ty 


i’ovi co was called 
assure ro co very. 


snock 


Translated by Jack Lots of ond Robert Luippold 
C u r t i s s - \ 7 r i gh t C o r p oration 
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Maximum possible pressure recover with n shocks. 
— maximum possible total pressure after n shocks. 
maximum possible static pressure after n shocks. 




Fig. 2 
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Figure 2. Theoretically permissible 
contraction, while avoiding normal 
compressibility shocks, as a function 
of mach number. 






gure 5. Experimental results for the model 
Fig. 4. (Pitot pressure and static pressur 
directly behind the entrance cross section 
a function of throat opening.) 
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Fig. 6 
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Figure 8a. Static pressure in the combustion chamber as 
function of the throat opening. 
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Fig. 10 
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Fig. 11 



Figure 11. Pressure in the combustion chamber as a function 
of the throat opening for three different mach numbers. 
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Fig. 13 



Figure 13. Altered form of the nose of the missile. 
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Figure 14. Pressure in the combustion chamber as a function 
cf throat opening for the altered form o*f the nose of the 
missile, as in Fig. 13. 
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